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Introduction
The design of efficient inlets for hypersonic vehicles utilizing airframe integrated scramjet modulesis a subject of interest in the high-speed propulsioncommunity. In these configurations the vehiclebow shockperforms the initial compression, andthe captureshape for theinletof eachscramjet moduleis required to be rectangular.Otherrequirements arethat inletswill startbeforeramjettake-over speeds are reached(Mach 3-4), operateover a large Mach numberrange,and be efficient during vehicle cruise. For structuraland heating reasons, thereis alsoa strongdesireto havean intakewith fixed geometry andno requirement for boundarylayer bleed. Anotherdesirable featureof a hypersonic inlet for somescramjet applications is a transitionfrom a rectangular capture to anellipticalthroat. Thistransitionis desirable because the inletmaythenbeusedin combination with an elliptical combustor.An ellipticalcombustor is superior to a rectangular combustorin terms of the structuralweight required to withstand a specified pressure/thermal load,andthelevelof heat load and viscousdrag generatedper pound of processed air. Ellipticalcombustors alsoreduce undesirable effectsassociated with hypersonic corner flows.
A detailedmethodology for the design of fixedgeometry, rectangular-to-elliptical shape transition(REST)inletswasreportedin Ref.l.
A description of the experimental testing of a REST inlet with a design point of Mach 6.0 in a hypersonic wind tunnel with a freestream Mach number of 6.2 was reported in Ref. 2. The current paper describes the computational analysis of the Mach 6.0 REST inlet flowfields generated at conditions corresponding to the experiments. 2 Computational solutions are presented for conditions with and without a manually applied back-pressure.
Experimental
Model_ Instrumentation and Test Conditions 2. The complete model was 175 cm (69 in.) in length and consisted of the REST inlet, a cruciform rake, a dumpisolator tube, a mass flow meter, and supporting structure. The inlet had highly swept leading edges, a total length of 94.6 cm (37.2 in), and cowl closure 50.8 cm (19.9 in) from the most forward point. The throat was 28.6 cm (11.3 in) downstream of cowl closure, and was followed by a 15.2 cm (6 in) long elliptical isolator. The inlet had an overall contraction ratio of 4.74 and an internal contraction ratio of 2.15. The capture area of 113.8 cm 2 (17.6 in 2 ) was 15.2 cm (6.0 in) wide, 11.0 cm (4.3 in) high at its plane of symmetry, and had sharp leading edges.
Inlet instrumentation consisted of surface pressure taps, Pitot and static pressure probes and co-axial surface thermocouples. Figure 2 shows a schematic of the nominal streamlines along which surface pressure taps were distributed in the inlet. Pressure taps were concentrated on the right-hand side of the model (as the model had a vertical plane of symmetry) and were placed on the six streamlines (labeled A, C, E, G, I and K in Fig. 2 ) at 15 different axial stations along the inlet. A photograph of the cruciform rake is shown in Fig. 3 . It was installed at the exit of the inlet and contained 24 Pitot probes and 12 static probes.
The static probes were equally spaced along the horizontal and vertical branches of the rake, whereas, the Pitot probes were concentrated near the walls to more accurately measure the viscous losses in the inlet. The static probes were designed for internal supersonic flow measurements using the method of Pinckney. 3
Property
Test Solutions with back-pressure typically required 48 hours of computation.
The grid topology used for the computations contained either 41 blocks for cases without back-pressure or 43 blocks for cases with back-pressure. Figure 4 presents a side view of the grid on the symmetry plane. The number of regions that the computational domain was decomposed into is also shown in Fig. 4 . Regions are defined in VULCAN as a block or a group of blocks that are solved together simultaneously and that are solved using the same algorithm.
In this case the regions consist of groups of blocks solved using either a psuedo-temporal space-marching procedure to solve the parabolized Navier-Stokes (PNS) equations or a spacially elliptic (hyperbolic in time) procedure to solve the full Navier-Stokes (FNS) equations. Each plane of the space-marched regions was converged four orders of magnitude in the root-mean-square of the L_, norm of the residual before advancing to the next plane.
The elliptic regions were converged four orders of magnitude in the rootmean-square of the L_ norm of the residual in the aggregate.
Several interesting grid generation techniques were used to improve grid quality and to simplify the grid generation process. The grids used were generated with GRIDGEN such that no singularities (collapsed block faces) were present. This was made possible by employing grid block topologies such as displayed in Fig.5 , which shows a portion of the grid used to mode/ the most forward leading edge of the inlet. In addition, discontinuous or non-C(0) block-toblock patching, a new feature recently incorporated into VULCAN, was utilized to simplify the grid generation process. The non-C(0) block-to-block patching allows solution information to be communicated among blocks whose faces are partially or fully collocated but whose face grid point coordinates are not C(0) continuous across the block-to-block interface.
Computational

Results and Comparisons with Experiments
Two Mach 6.2 nozzle test conditions were included in the experimental test program (Table  1) . Two CFD solutions of the inlet were completed for Test Point 2; one with backpressure (T,JTt._ = 0.647) and one without backpressure (T,JT_.I = 0.631). A single CFD solution without back-pressure (T,,,/Tt 1 = 0.438) was completed for Test Point 1. While the two solutions without back-pressure had different values of T,,./Tt._ and Reynolds number, the features of the flowfileds were quite similar, so the following discussion of the Test Point 2 solutionwithoutback-pressure is alsoapplicable tothesolutionperformed atTestPointI. The computational resultsare compared directly with the data collected in the experimental program. 2 This data was in the form of:
1. Surface pressure measurements along the six instrumentation streamlines.
2. Pitot and static pressure probe measurements at the exit of the inlet.
I-D performance
properties calculated by integration of the probe data at the exit of the inlet. Figure 6 shows the symmetry plane Mach number contours of the computational solution of the REST inlet flowfield at Test Point 2, TJTt, I = 0.631, o' =0.0°and no backpressure. Note that the shock wave generated by the top and side leading edges of the inlet focuses near the crotch of the cowl, and reflects back towards the top of the inlet where it is substantially cancelled at the inlet throat. A small amount of flow spillage appears below the cowl in Fig. 6 ; however, the inlet mass capture was computed to be very close to 100% of the flow in the capture tube, as compared with the value of 96% obtained from flow-meter measurements in the experiment. More features of the highly threedimensional inlet flowfield are shown in Fig. 7 , which highlights the Mach number contours in two cross-planes normal to the streamwise direction;
CFD solutions without Back-Pressure
one plane upstream of the cowl closure and one downstream of the crotch but before the throat. The axial positions of these cross-planes are shown in Fig. 6 . Note the curved nature of the shock generated by the top and side leading edges (shown in the leading cross-plane) and also that it was not attached to the cowl leading edges.
Also note that the reflected cowl shock is curved and essentially sweeps across the cowl and side of the inlet as it propagates downstream to the throat. The interaction of the swept cowl shock with the inlet boundary layer produces some local bulging of the cowl boundary layer.
Shock detachment at the cowl leading edges was an unexpected feature of the REST inlet flowfield at the slightly over-sped conditions of the current work. The shape of the highly swept cowl leading edges was determined in the inlet design procedure _ to be coincident with the shock generated by the top and side leading edges at the design point of Mach 6.0. However, for a shock to remain attached to a swept leading edge, the external turning angle of the leading edge must be less than the shock detachment angle normal to the leading edge. Hence the shock detachment shown in Fig. 7 should be present at Mach 6.2 for this inlet. Reduction of 0_.E such that 0t. L. < tgoEr along the length of the cowl would be expected to improve inlet efficiency at conditions close to the design point of Mach 6.0. At conditions below Mach 6.0 the shock from the top and side leading edges passes below the cowl leading edges with no adverse effects. Figure 9 shows a comparison of the experimental and CFD generated surface pressure distributions along the instrumentation streamlines (Fig. 2) . In the portion of the inlet upstream of the crotch the experimental and computational pressure distributions are almost identical.
Downstream of the crotch the experimental and computational distributions show the same trends and attain similar pressure levels at the exit.
However, the experimental data showed evidence of a shock wave beginning on the cowl (streamline I) at x = 32 in. that propagated downstream until it reached the top of the inlet (streamline A) at x = 37 in. Figure 10 (a) shows the normalized Pitot and static pressure distributions on the horizontal branch of the exit rake, along with the corresponding computational results. The CFD and experimental values match reasonably well, except near the center of the rake where the experimental Pitot pressure is lower and the experimental static pressure is higher than in the computation. Figure 10 (b) shows a comparison of the Mach number and total pressure distributions calculated from these rake measurements with the computation.As one would expect, the experiment andCFD match up reasonably well awayfromthecenterof the rake, but the differencesnear the symmetry planeare evenmorepronounced than in Fig.  10(a) .Thereduced Pitotto staticpressure ratio in theexperiment leads to anoticeable dipin the Machnumberin the centerof the rakeanda corresponding drop in total pressure. In contrast, the computational solutionshowed no evidenceof any drop in the Machnumberor totalpressure nearthecenter of therake. Probe interference andotherproblems associated with rake measurements have been ruled out as causes of thephenomenon. 2 Figure1l(a) shows thenormalized Pitot andstaticpressure distributions on the vertical branch of the exit rake, along with the corresponding computational results. Herethe differences between the experimentaland computational results are more pronounced. While the Pitot pressure distributions peaksat approximately y = 0.4 in. for bothexperiment andcomputation, theexperimental Pitotpressure dropswell belowthe computational valueson the lowerhalfof the rake. Thevalues of static pressure arefairly uniformandreasonably well matched in thelowertwo-thirds of therake, but the experimentalstatic pressurejumps by approximately 50%in the top one-thirdof the rake,while the computational valueremains at the samelevel. The suddenrise in static pressurenearthe top of the rake is further evidence of a shockpropagating downthe inlet (also indicatedby the experimental surface pressure distributions of Fig.9 ). Figurel l(b) showsthe Mach numberand total pressure distributionscalculated from the verticalrake measurements togetherwith the corresponding computational values.Thefigureclearlyshows thepresence of a regionof lowmomentum flow adjacentto the center of the cowl in the experimental data that is absentfrom the computational solution.
To begina discussion of thereasons for the differences between the experimental measurements andthe computational solutions, it is importantto notethat the CFD solution shows aninletflowfieldthatis closetowhatwas expected for theRESTinletatslightlyover-sped conditionsand uniform inflow. Therefore, differences between theexperiment andtheCFD musteitherbe dueto differences in the inflow conditions,deficienciesin the computational modelor someunexpected flow phenomenon. Themajordifferences between theexperimental measurements and the computational solution werethepresence of a shockwavepropagating downstream of the inletthroat,andthe presence of a regionof low momentumflow nearthe cowl at the inlet exit. After significant investigation of all aspects of the experimental programandthe computational analysis,some possible causes of thesedifferences are:
1. The assumptionof uniform inflow conditions in thecomputations. 2. Inadequate modelingof the flow near theinletsideleading edges. 3. A smallpositiveangle-of-attack of the inlet relativeto the nozzleduring the experiments. With regard to (1), the non-uniform experimental inlet capture flow was approximated in thecomputations asa uniform inflow with the same1-D integrated quantities asthecapturestreamtube of the inlet. Theloss of detail associated with thisapproximation may be responsiblefor some of the observed differencesbetweenthe experimentand the computation. In orderto resolve this issue, CFD solutions mustbecompleted with a non-uniform inflowthatmatches thenozzlecalibrations.
With regardto (2), in orderto simplify the blockingstructure and reducecomputation time,no attempt wasmadeto compute theflow adjacent to the sidesof the inlet. As long as flow wasattached at the sideleadingedges of the inlet,this simplificationdoesnot affectthe accuracyof the solution. During the reexamination of themodelingassumptions made in the computational solution, a shock detachment analysisof the side leadingedges (similartothatshown in Fig.8 for the cowl) was performed.
The results of this analysis indicated that the external angle of the inlet side leading edge was above the local shock detachment angle over a portion of its length. It is therefore probable that flow was not attached to the side leading edges in the experiment. For O' =0.0°, the cowl boundary layer bulges on either side of the symmetry plane due to its interaction with the swept cowl shock. There is also a region of the core flow above the center of the cowl with relatively low total pressure.
For o_ =0.5°, the off-center cowl boundary layer bulges become more defined and have increased in size. Furthermore, the low total pressure region above the center of the cowl now extends all the way to the horizontal rake. These differences between the computational solution at O' =0.0°and 0.5°a re similar to the differences between the O_=0.0°computation and the experiment. Therefore it is possible that some inadvertent positive angle-of-attack could be contributing to the observed differences.
As an addition to this discussion, some further computational solutions were performed to investigate the effect of reduced cowl leading edge external angle.
In particular, OLE was reduced to the point where a shock detachment analysis indicated that _t_< ODL. T along the entire length of the cowl. Interestingly, the computational solution of this inlet geometry continued to show shock detachment along the length of the cowl leading edges, however with significantly reduced stand-off. Figure 13 shows the distribution of total pressure ratio at the inlet exit for this computation.
A comparison between Figs. 12(a) and 13 indicates that reduced cowl leading edge shock stand-off reduced the scale of the cowl boundary layer bulges.
Hence the cowl leading edge external angle is an important parameter in the overall design of a REST inlet.
Equivalent one-dimensional inlet performance properties were calculated in Ref. 2 by dividing the inlet exit area into four sections and constructing a series of elliptical-annular strips on each Pitot probe in the horizontal and vertical branches of the rake. Properties at each Pitot probe were assumed to correspond to the average value over the strip, and equivalent I-D properties were calculated by integration over all the strips. 2 Given that probes on the lower portion of the vertical rake were positioned in an area of particularly low momentum flow, it is believed that experimental I-D parameters calculated in this way are skewed to indicate lower performance than delivered by the actual inlet. Figure 14 shows equivalent I-D mass flow weighted values of total pressure recovery (PT), kinetic energy efficiency (r/_) and process efficiency (rlK n), versus wall-to-total temperature ratio (Tw / T,._ ), based on the experimental rake data (as just described) and integration of the computational solution over the entire inlet exit. The computational solutions show considerably more efficient inlet operation than indicated by the experimental values.
The efficiency of the actual inlet is believed to be somewhere between the two.
CFD Solutions with Back-Pressure
Numerical simulation of inlet operation with an imposed back-pressure can require up to an order of magnitude increase in computational time as compared to cases without backpressure.
Furthermore, full computation of highly back-pressured flowfields generated in the complete inlet/dump-isolator/flow-meter geometry in the current work, would require a significant increase in the grid size and complexity beyond the no-back-pressure grid. As an alternative to solving the full inlet/dumpisolator/flow-meter flowfield, the back-pressure performance of the REST inlet was computed in the current study by solving the flowfield generated by applying a back-pressure to a long constant area tube connected downstream of the inlet exit. This geometry, which can be viewed as modeling a REST inlet with a very long constant area isolator, significantly decreased the grid complexity and computational time for a back-pressured computation, while still supplying a detailed solution of the flowfield in a back-pressured REST inlet. A subsonic, constant pressure boundary condition was applied attheendof thetube, andthe lengthof tuberequiredto performthis computation was increased until a solutioncould be established withnoreversed flowattheexit. Figure 15 showsthe symmetryplane pressure contours for thecomputational solution of the RESTinlet at Test Point 2, Tw/Tt._ = 0.647,O' =0.0°and Pb._ck= 195 kPa. For clarity, only the fully closed portion of the inlet is shown in Fig. 15 , along with the tube extension. It can be seen that the imposed back-pressure generated an asymmetric shock train which stabilizes just downstream of the inlet throat. The shock train feeds furthest upstream on the top of the inlet due to the presence of the relatively thick top wall boundary layer.
The initial wave in the train emanates from the top of the inlet and sweeps downstream to the cowl before undergoing numerous reflections in a decreasing area. The flow adjacent to the top of the inlet is separated by the initial shock and remains highly distorted along the full length of the inlet and tube extension. Figure  16 shows the Mach number contours in three cross planes normal to the streamwise direction, giving a more complete view of the highly three-dimensional backpressured flowfield.
The axial positions of these cross-planes are indicated in Fig. 15 . The most upstream cross-plane is well ahead of the throat and is not effected by the back-pressure.
The middle cross-plane is just downstream of the throat and shows an area of highly distorted flow spread around the top and sides of the inlet. However, the cowl boundary layer remains unaffected by the back-pressure. The final cross-plane is at the exit of the inlet and indicates that the highly distorted flow on the top and sides of the inlet has formed into two off-center lobes that extend at least two-thirds of the distance to the cowl. In this plane the shock train is concentrated in the center of the inlet in a region adjacent to the cowl.
As far as comparisons between the back-pressured computational results and the experiments are concerned, it was observed in the experiment that the inlet could support a significantly higher back-pressure than indicated by the CFD. In other words, the inlet exhibited the ability to support a stable shock train further upstream than was possible in a fully converged computational solution. Computations with Pback > 195 kPa either did not fully converge, or the shock train moved too far upstream and unstarted the inlet. Figure  17 shows a comparison of the experimental surface pressure distributions along instrumentation streamlines at the maximum back-pressure condition, with the computational results at Pback = 195 kPa. The experimental plots clearly show that a disturbance stablized well upstream of the inlet throat, and that pressure distributions on each streamline were quite similar downstream of cowl closure.
In contrast, the computational solutions show a disturbance slightly upstream of the inlet throat at the top of the inlet (streamline A), and considerable variation between the pressure distributions on each streamline.
The reasons why the computational solution would not converge at the backpressure levels observed in the experiments is not known.
It should be recognized, however, that back-pressured fiowfieids contain large scale separated regions, shear layers well away from surfaces and extremely complicated shock wave interactions.
It may be that current turbulence models used in the framework of the Reynolds averaged Navier-Stokes equations, are not sufficiently developed to enable prediction of hypersonic inlet back-pressure limits. It is currently planned to introduce remedies for (1) and (2) in the near future, at which point the affect of (3) can be more accurately assessed.
Conclusions
Results
The computational solutions supplied great insight into some inadvertent features of the flowfields generated by operating inlets of this class at slightly over-sped conditions. In particular, the problem of shock detachment on the cowl leading edges due to excessive external leading edge angle.
Computational solutions with reduced external leading edge angle indicated that losses associated with this shock detachment had a considerable effect on the character of the overall flow at the inlet exit. In this instance CFD has been a valuable tool for recognizing the impact of cowl leading edge external angle on the overall performance of the inlet.
Highly back-pressured inlet operation was modeled with a simplified grid topology that substituted a long constant area tube for the more complicated geometry used in the experiments.
These computations showed that an imposed back-pressure generated an asymmetric oblique shock train just downstream of the throat which separated the top and side wall boundary layer. Flow near the top of the inlet remained highly distorted due to the presence of the shock train. Comparisons with experiment indicated that the CFD underpredicted the back-pressure limit of the REST inlet.
This may be a consequence of inadequacies in the modeling of turbulence. 
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